Background: Previous work has led to the hypothesis that cofilin severing, as regulated by PLC, is involved in chemotactic sensing. We have tested this hypothesis by investigating whether activation of endogenous cofilin is spatially and temporally linked to sensing an EGF point source in carcinoma cells. Results: We demonstrate that inhibition of endogenous cofilin activity with either siRNA or overexpression of LIMK suppresses directional sensing in carcinoma cells. LIMK siRNA knockdown, which suppresses cofilin phosphorylation, and microinjection of S3C cofilin, a cofilin mutant that is constitutively active and not phosphorylated by LIMK, also inhibits directional sensing and chemotaxis. These results indicate that phosphorylation of cofilin by LIMK, in addition to cofilin activity, is required for chemotaxis. Cofilin activity concentrates rapidly at the newly formed leading edge facing the gradient, whereas cofilin phosphorylation increases throughout the cell. Quantification of these results indicates that the amplification of asymmetric actin polymerization required for protrusion toward the EGF gradient occurs at the level of cofilin but not at the level of PLC activation by EGFR. Conclusions: These results indicate that local activation of cofilin by PLC and its global inactivation by LIMK phosphorylation combine to generate the local asymmetry of actin polymerization required for chemotaxis.
Introduction
Chemotaxis is a fundamental process in many physiological and pathological events, including embryogenesis, immune responses, wound healing, and cancer-cell metastasis [1, 2] . Metastasis is the ability of cancer cells to spread from a localized primary tumor to secondary sites and is correlated with the migratory ability of the cells [3] . Metastasis is a characteristic of the progression to malignancy and is distinct from tumor growth. Because chemotaxis is an essential factor in metastasis, understanding the molecular mechanisms underlying chemotaxis is of major importance to cancer diagnosis and therapy [3] [4] [5] .
Directional sensing in chemotactic cells is characterized by the amplification of an extracellular gradient into a steeper intracellular asymmetric response and is proposed to be the initial step in chemotaxis [2, 6] . Several models have been proposed to explain directional sensing in chemotactic cells [2] . The ''local excitationglobal inhibition'' model rationalizes that a localized stimulatory event, which occurs transiently in time and space, is counterbalanced by a global inhibitory event for proper sensing to occur [7] .
Directional sensing has been studied most intensively in Dictyostelium and neutrophils. It has been established that PIP3 accumulation at the leading edge is an early indicator of chemotactic sensing [8] . The accumulation of PIP3 is symptomatic of the amplification of the extracellular signal and is accomplished through the reciprocal regulation by PI3K and PTEN activities [7] . PIP3 as readout for directional sensing, however, is not conserved in mammalian cells where it has been shown that PI3K and PTEN do not regulate chemotaxis but are only implicated in regulating the motility of cells [9] . Several cancer cell types, moreover, exhibit loss of PTEN function, although they sustain high invasive ability [10] , which further implies that chemoattractant sensing in mammalian cancer cells is achieved independently of PIP3 levels.
Chemotactic cells, including Dictyostelium and mammalian cells, respond to stimulation with chemoattractant by generating two transients of actin polymerization [6, 11] . In particular, in carcinoma cells, epidermal growth factor (EGF)-induced increases in free barbed ends, resulting in actin polymerization at the leading edge of the lamellipod, occurs as two transients at 1 min and at 3 min. Previous results have shown that phospholipase C (PLC) is required for the early barbedend transient, whereas phosphoinositide-3 kinase (PI3K) selectively regulates the late barbed-end transient. Inhibition of PLC inhibits cofilin activity in cells during the early transient, delays the initiation of protrusions, and inhibits the ability of cells to sense a gradient of EGF. Suppression of cofilin activity selectively inhibits the early barbed-end transient [12] . These results demonstrate that PLC-dependent activation of cofilin is driving the initial actin-polymerization transient. However, it is not clear from these results whether cofilin is directly responsible for setting the direction of cell migration during chemotaxis.
Previous studies have demonstrated that cofilin activity cooperates with that of the Arp2/3 complex in order to generate the actin dendritic array [13] [14] [15] . This places cofilin in the position of acting as an initiator of dendritic nucleation, protrusion, and cell direction [13] . This model is consistent with experiments in which localized cofilin activation by uncaging leads to localized protrusion and defines the direction of cell motility [16] . Cofilin activity is regulated by several mechanisms, including its inhibition by phosphorylation and binding to phosphoinositol 4,5 bisphosphate (PIP2) [13] . Phosphorylation on Ser3 inhibits cofilin severing activity and is regulated by two sets of kinases, LIMK (1 and 2) and TESK (1 and 2) [17] . Dephosphorylation of cofilin is mediated by phosphatase type 1, 2A [18] , 2B [19] , and 2C [20] , slingshot [21] , and chronophin [22] . In resting carcinoma cells, the vast majority of cofilin is in a dephosphorylated state but is still inactive [12, 23, 24] , suggesting that cofilin activation in carcinoma cells is accomplished by a mechanism other than dephosphorylation.
In vitro studies have shown that binding to PIP2 inhibits the ability of cofilin to bind actin [25] . Binding to PIP2 also inhibits the activity of gelsolin [26, 27] and profilin [28] . PLCg hydrolyzes PIP2 and has been postulated to activate gelsolin, cofilin, and profilin in vivo [12, 28, 29] and to weaken plasma-membrane tethering to the actin cytoskeleton [30] .
All of these considerations have led to the hypothesis that cofilin severing activity, as regulated by PLC, is involved in chemotactic sensing [12] . In this study, we have tested this hypothesis by investigating whether the activation of endogenous cofilin is spatially and temporally linked to chemotactic sensing of EGF gradients in carcinoma cells. Here we demonstrate that cofilin activity is concentrated on the side of the cell facing the gradient and is essential for directional sensing.
Results

Cofilin Is Essential for Directional Sensing during Carcinoma Cell Chemotaxis
To study directional sensing during chemotaxis in carcinoma cells, we used a spatially restricted EGF gradient ( Figure 1A 0 ) similar to that encountered in vivo [4, 12] . With the percent gradient considered as 100% at the pipette tip, we calculated the percent gradient at the front and the back of the cell, where the difference in EGF concentration between both sides was determined to average at 27% ( Figure 1A 0 and Figure S1A in the Supplemental Data available online). This analysis shows the difference in gradient across the cell diameter; the cell must read this difference in order to chemotax. Experiments with GFP-b actin-expressing MTLn3 cells [31] revealed that asymmetric actin polymerization is an early response after the introduction of the EGF pipette, which results in a spatially defined protrusion directed toward the EGF source ( Figure 1A ). This result illustrates that a new protrusion forms toward the pipette, that the new protrusion is the first morphological manifestation of chemotactic sensing, and that the protrusion is directed toward the pipette regardless of where the pipette is situated relative to the cell and regardless of whether there was a pre-existing protrusion or not. Thus, we used the directionality of the initial protrusion toward the EGF source as a marker for chemoattractant sensing.
Previously, we demonstrated that PLC activity is required for directional protrusion and that cofilin activity, and the initial barbed-end transient, depends on PLC [12] . Therefore, we examined the contribution of cofilin to directional protrusion and chemotaxis. To do this, we used the pipette stimulation assay where the front (F) protrusion and the back (B) protrusion (retraction) were measured along a line going through the centroid and the tip of the micropipette ( Figure 1C) . To suppress the expression of cofilin, we used a previously validated siRNA sequence [12, 16] , which specifically targets cofilin mRNA, to knock down cofilin expression levels by at least 95% in MTLn3 cells. We show here for the first time that cofilin knockdown cells exhibit a defect in sensing, resulting in protrusion in all directions with no significant bias toward the EGF source (front protrusion), and the cells did not display retraction at the rear end (back protrusion) ( Figures 1B and 1D ). To examine chemotaxis in these cells, we measured the chemotactic index, cosine q, after stimulation with an EGF pipette. The angle q is defined by two reference lines: The line going through the first and the last centroid (taken 10 min after the introduction of the pipette) and the line going through the first centroid and the position of the pipette tip ( Figure 1E ). The angle q, therefore, determines how the trajectory followed by the cell is oriented in reference to the position of the chemoattractant source, where the value of q is inversely proportional to the chemotactic index (the cosine). The trajectory followed by control cells, upon stimulation with a micropipette, showed an average q value of 35 6 9 (cos q = 0.72 6 0.11), whereas trajectories followed by cofilin knockdown cells were random in reference to the pipette, with an average value of cos q = 20.11 6 0.13 ( Figure 1F ). This analysis reveals that cofilin knockdown cells exhibit a low chemotactic index, and hence cofilin knockdown inhibits chemotaxis.
Directional Sensing Is Dependent on PLC and Independent of PI3K Activity To investigate the role of PI3K in directional sensing, we examined the chemotactic capability of PI3K-inhibited cells. For this purpose, the micropipette-stimulation assay described in Figure 1 was performed on MTLn3 cells, either treated with 100 nM wortmannin, a specific PI3K inhibitor when used at 100 nM [32, 33] , or treated with DMSO ( Figure 2A ). Inhibition of PI3K activity by wortmannin was confirmed by phospho-Akt western blotting (data not shown). Protrusion toward the EGF source was not inhibited in the wortmannin-treated cells ( Figure 2B ). The extent of protrusion nonetheless was partially suppressed in the PI3K-inhibited cells at later time points after stimulation ( Figure 2B ). The chemotactic index of wortmannin-treated cells, however, was not affected in comparison to DMSO control cells, where both cell groups showed a high cosine q value (Figure 2C ). PLC inhibition, on the other hand, led to complete suppression of directional sensing ( Figure 2D ), consistent with the previously reported data showing the dependence of directional protrusion on PLC [12] .
(E) Cartoon definition of angle q of cell direction relative to the micropipette upon stimulation with EGF (q is the angle between the motility path followed by the cell and the line formed by the initial centroid and pipette tip). The average of q at 10 min after EGF stimulation is 35 6 5 in control cells and 96 Interestingly, although chemoattractant sensing is not affected when PI3K is inhibited, the motility of the cells is inhibited [33] . This suggests that PI3K is involved in generating the force for locomotion but not in determining its direction. This could explain the discrepancy among several studies [9, 34] that examined the role of PI3K in chemotaxis; a defect in chemotaxis observed in PI3K-inhibited cells could be due to suppression of cell locomotion but not directional sensing. Cofilin suppression, on the other hand, although showing a drastic inhibition of directional sensing, had no apparent effect on the speed of the cells; the instantaneous velocity (mm/min) of cofilin knockdown cells is 1.52 6 0.20, similar to the 1.25 6 0.09 speed of control cells. This suggests that cofilin is mainly regulating directional sensing in MTLn3 cells and not speed of locomotion.
LIMK Activity Is Required for Directional Protrusion and Chemotaxis
LIM kinase inhibits cofilin activity by phosphorylating it on serine 3 [35] , whereas cofilin activation is correlated with PLC activity (PIP2 hydrolysis) in carcinoma cells after EGF stimulation [12] . Cofilin phosphorylation level in tumor cells, however, also increases upon EGF stimulation [12, 24] . This implies that LIMK activity, and thus cofilin inactivation by phosphorylation, is induced by EGF stimulation and places LIMK in the position of the antagonist of the PLC-activated cofilin. In particular, the expression of LIMK1 is selectively increased in invasive tumor cells that are chemotactic to EGF, making LIMK1 the dominant antagonist of cofilin activity during chemotaxis and invasion in vivo [5, 36] .
To further examine the roles of cofilin and LIMK in directional sensing and chemotaxis, we altered the activity level of LIMK. For this purpose, we used GFPoverexpressing MTLn3 cells and (GFP-tagged) cells overexpressing the full-length LIMK; these cells are denoted as ''control'' and ''F (LIMK),'' respectively [36] . The expression level of F (LIMK) cells is 2-to 3-fold above the endogenous LIMK level, and phospho-cofilin levels in these cells are elevated (70%) in comparison to control cells (18%) [36] . Cofilin activity in F (LIMK) cells is reduced by 10-fold [36] . On the other hand, we knocked down LIMK expression in MTLn3 cells by 80% by using LIMK-specific siRNA as described previously [24] , and as a control we used a scrambled version of the siRNA.
To study the chemotactic phenotype of these cell lines, where LIMK activity is either elevated or suppressed, we performed the pipette stimulation assay (Figure 3 ). The F (LIMK) cells with 10-fold-suppressed cofilin activity had a similar phenotype to the cofilin knockdown cells, where the sensing mechanism was defective and the cells did not protrude directly toward the EGF micropipette but protruded in random directions ( Figure 3B i ) such that the chemotactic index was close to zero ( Figure 3C i ) . This result confirms the requirement of cofilin activity for proper sensing during chemotaxis. The LIMK siRNA KD cells, moreover, were also defective in chemoattractant sensing ( Figures 3B ii  and 3C ii ). The rate of protrusion in the LIMK KD cells in response to bath stimulation with EGF, however, was not affected, whereas in the F (LIMK) cells it was suppressed ( Figure S2 in the Supplemental Data available online). This suggests that LIMK, and hence cofilin phosphorylation, is not required for protrusion, as previously reported [24] , but is required for the orientation of the protrusion.
Cofilin Phosphorylation Is Required for Chemotaxis
We examined the chemotactic index of MTLn3 cells after microinjection of S3C cofilin, which is active but cannot be phosphorylated by LIMK, to determine whether the phosphorylation of cofilin is required for chemotactic sensing. S3E cofilin, a phospho-mimic cofilin mutant lacking severing activity, was used as a control to the S3C mutant as described previously [16] . S3C microinjection inhibited directional sensing as compared to that in control cells injected with PBS and S3E cofilin ( Figures 4A and 4B ). These results confirm the importance of cofilin phosphorylation in chemotactic sensing.
Both PLC and Cofilin Activities Are Asymmetrically Localized, and Cofilin Activity Is Amplified, in an EGF Gradient In order to directly examine the outcome of the two antagonizing activities of PLC and LIMK with respect to cofilin activation, we performed double immunostaining for cofilin and phospho-cofilin on cells placed in an EGF gradient ( Figure 5B ). We used a radial-sweep macro in ImageJ to quantify the immunostaining signal at the front of the cell (facing the EGF pipette) distinctly from the back. The front of the cell is defined in this analysis as the region situated within a sector that is at a 635 o angle in reference to the vector linking the centroid and the pipette tip because this is the range of angles of protrusions exhibited by cells during chemoattractant sensing. The back of the cell is this front sector's mirror image at the back of the cell ( Figure 5A ). Fluorescent intensity was measured for cofilin, and phospho-cofilin, in resting cells (0 s) and at 60 s after EGF stimulation, the peak time of cofilin activity [12] . Cofilin was observed to accumulate by 1.6-fold front to back, 1 min after the introduction of the EGFfilled pipette, at the leading edge facing the pipette (Figures 5C i and 5C ii ), consistent with its peak of severing activity and its proposed role in initiating and promoting protrusion toward the micropipette. Phosphorylated cofilin levels, on the other hand, increased to the same extent at the front and the back, by 1.9-fold ( Figures  5D i and 5D ii ) . This demonstrates that LIMK activity is not confined to a particular side of the stimulated cell. These results suggest that cofilin activity is restricted to the region of the cell facing the pipette and that LIMK inactivation of cofilin is global, and thus the spread of cofilin activity is restrained in space and time.
To directly examine PLC activation, which peaks at 60 s after EGF stimulation [12] , we performed immunostaining analysis of phospho-PLC at 60 s after the introduction of the EGF pipette ( Figure 6A ) by using antibodies that recognize the phosphorylated Y783 of PLC, indicating activation of the enzyme [37] . The quantitation method with a sweep macro ( Figure 6B i ) was identical to that described in Figure 5 . This analysis method demonstrated that after stimulation with the EGF micropipette for 60 s, phospho-PLC levels are elevated by 40% front to back ( Figure 6B ii ), suggesting little amplification of the EGF gradient. This result indicates that new PLC activity increases on the side of the cell facing the EGF pipette.
Moreover, we observed the actual output of the signal amplification by directly examining the increase in cofilin-dependent free barbed ends, previously shown to be the first transient of barbed ends after EGF stimulation and a direct measure of cofilin activity [12] . To identify the first barbed-end transient, we performed kymographic analysis on the change in GFP-b-actin intensity in MTLn3 cells as described previously [31] (see ''Rate of actin polymerization'' in the Experimental Procedures). This analysis revealed that the early barbed-end transient begins before and peaks by 60 s after stimulation on the side of the cell facing the pipette ( Figure 6C ).
To examine and quantitate the cofilin-dependent barbed-end transient at higher resolution, we stained barbed ends in cells 60 s after introduction of the EGF pipette ( Figure 6D ). It should be noted that the barbed ends scored were those generated in response to the pipette 60 s after its introduction and were not pre-existing because the pipette was used to stimulate cells at sites distant from pre-existing protrusions. Quantitation of the relative number of cofilin-dependent barbed ends revealed an average 3-fold increase in barbed ends and, therefore, in cofilin activity on the side of the cell facing the pipette as compared to the back ( Figure 6E i and 6E ii ), indicating a large amplification of the barbedend response front to back relative to a shallow gradient. This also further demonstrates that the transient increase in cofilin activity is restricted to the front of the cell.
We next explored whether cofilin activity at 60 s after stimulation, as revealed by staining for barbed ends, is mostly dependent on PLC hydrolysis of PIP2, which could lead to the release and activation of cofilin [25] , or on a more downstream calcium-triggered event, mainly through PLC-generated IP3-induced calcium release from internal stores. We therefore inhibited the IP3-dependent calcium release by using the IP3 receptor antagonist 2-aminoethoxydiphenyl borate (2-APB), which does not have an effect on the basal cytosolic calcium levels [38] . Monitoring calcium levels in MTLn3 cells by using FURA-2 demonstrated that the increase in cytosolic calcium after EGF stimulation is rather small and that this increase is suppressed by 2-APB treatment. Inhibition of this calcium response, however, did not have any effect on the generation of barbed ends after stimulation ( Figure S3 ). This suggests that PLC activation of cofilin does not involve an IP3-mediated calcium release and may involve hydrolysis of PIP2 and the release of cofilin at the stimulation site.
Discussion
In this study, we have investigated whether the activation of endogenous cofilin is spatially and temporally linked to chemotactic sensing of EGF gradients in carcinoma cells, and, if so, how its asymmetry of activation is regulated. We show that, like PLC inhibition, the suppression of cofilin expression by siRNA knockdown suppresses the chemotactic response toward a gradient of EGF. Cofilin knockdown did not affect cell speed, suggesting that cofilin contribution, immediately after EGF stimulation, is mainly to sensing, and not to locomotion itself. PI3K, on the other hand, did not play a role in directional sensing because its inhibition did not affect the cells' directional protrusion activity. However, inhibition of PI3K eventually inhibited the general locomotion of the cells [33] . This indicates that PI3K is important in generating the force for locomotion, but not in setting the direction of the protrusion, which is determined by both PLC and cofilin activities.
Overexpression of LIMK suppresses sensing and chemotaxis, a phenotype similar to that seen in siRNA cofilin-knockdown cells, which is consistent with the fact that phosphorylation of cofilin by LIMK leads to cofilin inactivation. The LIMK-overexpression result supports the requirement for cofilin activity for directional sensing during chemotaxis. However, LIMK knockdown also inhibits directional sensing and chemotaxis, as did microinjection of S3C cofilin, a mutant of cofilin that is constitutively active and not phosphorylated by LIMK [16] . These results indicate that the phosphorylation of cofilin by LIMK, in addition to cofilin activity, is required for directional sensing and chemotaxis. This suggests a model in which the local stimulation of cofilin, and its global inactivation by LIMK, might account for the initial asymmetry that is observed in actin polymerization during directional sensing.
Regulation of Cofilin Activity by PLC and LIMK Is an Essential Component of the Directional-Sensing Mechanism in Carcinoma Cells
As shown here, both PLC and cofilin activities were observed to localize on the side of the cell facing the EGF stimulus. However, although the phospho-PLC localization showed only a slight asymmetry of 1.4-fold front to back, indicating little or no amplification of the gradient, the localization of the cofilin-dependent barbed ends, formed 1 min after stimulation of the cells directionally with EGF from a micropipette, showed at least a 3-fold higher accumulation of barbed ends on the side of the cell facing the EGF source. Because, on average, a 300% gradient of cofilin-dependent barbed ends was observed in a 40% gradient of PLC activity, an 8-fold amplification of the EGF gradient by cofilin activation occurred during sensing. These results indicate that the amplification of the asymmetry of the gradient during chemotaxis is occurring at the level of cofilin activity and not at the level of the EGF-receptor-to-PLC signal, which remains similar to the level of the EGF gradient.
A key to understanding how the cofilin-mediated amplification of the gradient occurred is the finding that phospho-cofilin was uniformly increased in cells stimulated with a gradient of EGF; this finding demonstrates that the phosphorylation of cofilin is occurring throughout the cell, whereas cofilin activity is constrained to the edge of the cell facing the EGF stimulus. This result is consistent with the observation that bath stimulation with EGF results in an increase in LIMK activity and in phospho-cofilin simultaneously with the increase in cofilin activity during the first transient of actin polymerization [12, 24] . These results support the model in which the local stimulation of cofilin, and global activation of LIMK, can account for an amplified asymmetry that is required in cofilin-dependent actin polymerization in order for directional sensing to occur. Other studies have also found that an increase in the phosphorylation of cofilin results from the stimulation of cells with growth factors. However, in these cases the phosphorylation was assumed, but not shown, to inactivate all cofilin within the cells and led to the interpretation that cofilin must be inhibited for cell protrusion and locomotion to occur [39] . This interpretation is inconsistent with the increases simultaneously observed for both cofilin activity and cofilin phosphorylation in this and previous studies [12, 24] , as well as the requirement for cofilin in cell motility [40] . The interpretation that cofilin must be inhibited for protrusion and locomotion to occur is also at odds with the observation that uncaging of cofilin activity in vivo is sufficient to cause actin polymerization, protrusion, and locomotion [16] . In tumor cells, cofilin activity occurring in response to EGF stimulation and resulting in the first barbed-end transient is uncoupled from cofilin phosphorylation and dephosphorylation [24] . We propose that a more comprehensive explanation for all of these results is that there are two different cofilin populations that exist simultaneously in cells during chemotaxis to EGF: one that is locally activated, allowing sensing and localized protrusion, and one that is globally phosphorylated, inhibiting its activity and resulting in an asymmetric distribution of cofilin activity.
Activation of cofilin by PLC could occur either directly through cofilin-associated-PIP2 hydrolysis, causing the release of cofilin in an active form, or through the PIP2 hydrolysis-dependent IP3-induced calcium release from internal stores. PLC could therefore be activating cofilin either through PIP2 hydrolysis [25] or through dephosphorylation by slingshot in a reaction driven by IP3 and dependent on calcium and calcineurin [41] . Because inhibition of the IP3 receptor did not affect the cofilin-dependent early transient of free barbed ends in response to EGF stimulation, it is clear that cofilin activation in tumor cells depends on PLC activity in a way not involving IP3 and calcium. Furthermore, the phosphorylation status of cofilin does not depend on PLC activity in tumor cells [24] . These results suggest a more direct mechanism for activation of cofilin by PLC.
Restricting the area of cofilin activity, moreover, is crucial to ensuring proper directional sensing because the spread of active cofilin would degrade the asymmetry of cofilin-dependent actin polymerization in response to a localized source of EGF. Hence, although the activation of PLC is asymmetric in response to a gradient of EGF as shown here, it is not amplified. Thus, the inactivation of cofilin would have to be concomitantly achieved globally in order for the area of cofilin activity to be confined and for its asymmetry to thus be amplified. This local positive and global negative regulation of cofilin activity would result in a spatially and temporally restricted occurrence of the early cofilin-dependent transient of barbed ends as observed. Additional mechanisms that could contribute to spatially restricted cofilin activity are trompomyosin inhibition of F-actin severing by cofilin [42] and the regulation of intracellular pH by the sodium-hydrogen exchanger (NHE), which could regulate the level of cofilin activity [43] .
The Effect of Cofilin Activity on Cell Polarity Dawe et al. have demonstrated that the inhibition of cofilin by the expression of constitutively active LIMK causes a decrease in the stable (spontaneous) cell polarity in embryonic fibroblasts [44] . In comparison, here we show that the inhibition of cofilin activity causes a decrease in directional sensing, i.e., cell polarization toward a source of EGF. In embryonic fibroblasts, stable cell polarity requires b-actin mRNA targeting to the leading lamella, and this can be disrupted by the blocking of ZBP1-mediated mRNA targeting [45] . The mechanism involves ZBP1-mediated colocalization and translation of the mRNAs for the subunits of the Arp2/3 complex and for their polymerization substrate, b-actin [46, 47] . This determines the distribution of actin nucleation sites at the cell periphery in primary fibroblasts [48] . Hence, mRNA targeting can be thought of as a cell-polarization signal leading to stable cell polarity in the absence of a chemotactic gradient. In invasive and metastatic cancer cells such as MTLn3, ZBP1 expression is suppressed, and its suppression results in the loss of both mRNA targeting and stable cell polarity, as well as increased chemotaxis to EGF [5, 48] . In this case there is no stable (spontaneous) cell polarity, but cell polarity can be induced by a gradient of EGF, and as shown here, this requires cofilin activity. Re-expression of ZBP1 in MTLn3 cells causes the tumor cells to become polarized, and this inhibits chemotaxis both in vitro and in vivo, and invasion and metastasis in vivo [5] . Hence, cofilin activity contributes to cell polarity in both stably polarized and chemotactic cells even though the underlying origin of the cell polarity, mRNA targeting and chemotactic stimulation, respectively, in these two different cell types is different.
The Relationship between the PLC-Cofilin Pathway and PI3K in Setting the Direction of Migration in Carcinoma Cells during Chemotaxis Our study confirms that PLC activates cofilin and that it is thus required for directional sensing in tumor cells, and it suggests that PI3K is not directly involved in sensing and chemotaxis in tumor cells. PI3K, however, is required for the late actin-polymerization transient in tumor cells in response to EGF; this transient is necessary for the full extent of protrusion and cell locomotion in these cells [12, 33] . This finding is consistent with studies demonstrating that PI3K signaling to WAVE and Arp2/3 complex is necessary for lamellipod protrusion in tumor cells [49] . The involvement of both PLCcofilin-complex and PI3K-Arp 2/3-complex pathways in EGF-stimulated lamellipod protrusion is consistent with previous studies showing a synergy between . The fluorescence-intensity map is done with pseudocolor ranging from black as the lowest intensity to white as the highest intensity. Right panel is the average rate of actin polymerization after EGF stimulation [31] . (D) Free barbed-end staining (red) at 0 and 60 s after stimulation with the EGF micropipette was done as described previously [12] .
cofilin-severing and Arp2/3-complex-dependent dendritic nucleation, which greatly amplifies Arp2/3 complex-dependent actin polymerization [14, 15] . Synergy between cofilin and Arp2/3 activity suggests a mechanism for how localized activation of cofilin can have such a major effect on cell protrusion and directional locomotion [13] . The site of initial cofilin activation mobilizes and concentrates the subsequent activation of the Arp2/3 complex to the site of cofilin activation and thereby determines the site of protrusion and direction of cell locomotion up the gradient.
Experimental Procedures
Micropipette-Stimulation Assay The assay was performed as previously described [12] . The quantitation method was used so that membrane protrusion toward the EGF gradient, designated as the front protrusion, could be assessed. Front (F) and back (B) protrusions were measured along a line going through the centroid and the tip of the micropipette (Figure S1A ): Front (F) protrusion is the distance from the centroid of the cell to the point of intersection between the cell perimeter and the line going through the centroid and pipette tip, at the side of the pipette (the front side); back (B) protrusion is the distance from the centroid of the cell to the point of intersection but at the other side of the cell (the back side). Measurements were recorded at 30 s intervals after the introduction of the pipette. Standardization of protrusion was performed in two steps: (1) Standardization over time 0. Accounting for differences in cell size (the starting distance from the centroid to cell edge varies from cell to cell), we expressed protrusions as the n-fold change and thus were able to average the nfold change from different cells within the same experimental group. For this purpose, for each cell all protrusion values were standardized over the corresponding value at time 0 (front protrusion at time n/Front protrusion at time 0 and back protrusion at time n/ back protrusion at time 0), and then values at the same time point from different cells were averaged. (2) Standardization over protrusion at the back of control cells: We used this step to set the protrusion at the back of control cells to a value of 1 and to express the rest of the curves within the same experiment in reference to it. We were thus able to distinguish directional protrusion from translocation of the centroid during the 10 min time lapse. For this purpose, for each plot, protrusion curves (from control and experimental groups) were standardized relative to the curve of protrusion at the back of control cells from the same experiment. The chemotactic index, cosine q, was also measured; q is the angle between the line formed by the initial centroid (before the micropipette introduction) and the last centroid (after 10 min), which is the cell's trajectory over the course of 10 min, and the line going through the first centroid and the position of the pipette tip.
Measurement of the EGF Gradient FITC-dextran (10,000 daltons) was used to determine the decrease in EGF concentration in relation to distance away from the tip of the EGF pipette. Along a line going through the tip of the pipette and the centroid of the stimulated cells, fluorescence intensity was measured at three positions: at the tip of the pipette, at the front of the cell, and at the back of the cell. The percentage of fluorescence intensity was determined at the front and the back in reference to the intensity at the pipette tip: 100% EGF at the tip, percent gradient at the front, and percent gradient at the back. The difference in the percent gradient between front and back was calculated for each cell, and then the values were averaged.
Rate of Protrusion
To measure the rate of protrusion, we starved the cells and then stimulated them with 5 nM EGF (global stimulation) in a bath fashion [12, 31] . Time-lapse series were recorded, and area was assessed in ImageJ. The rates of protrusion were measured for each cell independently from calculations of the slopes from the area-versustime plots [(area n -area n 2 1 )/(time n -time n 2 1 )]. The rates at 2 to 3 min after EGF stimulation were then averaged and graphed for every cell line.
Rate of Actin Polymerization
To measure the rate of actin polymerization, we used a previously established technique [31] , where changes in GFP-actin intensity have been shown to directly relate to actin polymerization (and where it was shown that G-actin does not contribute to changes in GFP intensity). In brief, GFP-b-actin MTLn3 cells were stimulated with an EGF-filled pipette, and time-lapse movies were recorded over the course of 10 min. To determine the time at which the early barbed-end transient occurs, we examined GFP actin accumulation at the leading edge by kymographic analysis during the first 2 min after stimulation. The kymograph was recorded along a line crossing the membrane and going toward the pipette tip. Fluorescence intensity was measured from the kymographs in 30 s increments in a region starting at the cell edge and receding 0.7 mm into the lamellipod; average intensity was measured in boxes traced on the kymograph image, with dimensions of 30 s in width and 0.7 mm in length. The rate of actin polymerization is proportional to the number of free barbed ends after stimulation [31] and was hence determined by measurement of the slope in the change in fluorescence intensity (FI) versus time of stimulation [(FI n -FI n 2 1 )/(time n -time n 2 1 )]. The rate of polymerization was then standardized over values from the time interval before the addition of the EGF pipette and the standardized rates from different cells were averaged and then plotted versus time.
Analysis of Immunostains
We used a radial-sweep macro in ImageJ to align the most peripheral points of the cell edge: a line (starting at an arbitrary position along the cell length), going from the centroid to the edge of the cell, rotates around the cell and stacks the generated line scans while keeping the edge outermost points aligned, resulting in having the cell periphery spread open in a linear fashion ( Figure 5A ). This image processing allows the immunostaining signal at the front of the cell (facing the EGF pipette) to be studied distinctly from the back. The front and back of the cell were defined as described in Figure 5A . We used fiducial marks to delineate the front and the back, which are reflected in the radial sweep ( Figure 5A ). The measurement of immunostaining signal extended 2 mm from the membrane into the cytoplasm, which contains the lamellipod area. For unstimulated cells, the front and back were determined arbitrarily, and the size of the region of interest was kept the same as in stimulated cells.
Supplemental Data
Supplemental data include additional Experimental Procedures and three figures and are available online at http://www.current-biology. com/cgi/content/full/16/22/2193/DC1/.
